Voltage-gated sodium (Na v ) channels are essential for the rapid depolarization of nerve and muscle 1 , and are important drug targets 2 . Determination of the structures of Na v channels will shed light on ion channel mechanisms and facilitate potential clinical applications. A family of bacterial Na v channels, exemplified by the Na 1 -selective channel of bacteria (NaChBac) 3 , provides a useful model system for structure-function analysis. Here we report the crystal structure of Na v Rh, a NaChBac orthologue from the marine alphaproteobacterium HIMB114 (Rickettsiales sp. HIMB114; denoted Rh), at 3.05 Å resolution. The channel comprises an asymmetric tetramer. The carbonyl oxygen atoms of Thr 178 and Leu 179 constitute an inner site within the selectivity filter where a hydrated Ca 21 resides in the crystal structure. The outer mouth of the Na 1 selectivity filter, defined by Ser 181 and Glu 183, is closed, as is the activation gate at the intracellular side of the pore. The voltage sensors adopt a depolarized conformation in which all the gating charges are exposed to the extracellular environment. We propose that Na v Rh is in an 'inactivated' conformation. Comparison of Na v Rh with Na v Ab 4 reveals considerable conformational rearrangements that may underlie the electromechanical coupling mechanism of voltage-gated channels.
Na v channels initiate and propagate action potentials in excitable cells 1 . Because they underlie several clinical disorders such as epileptic seizures and cardiac arrhythmias, they are important drug targets 2 . Eukaryotic Na v channel pore-forming a-subunits 5 are single polypeptide chains that are organized into four repeated domains of six transmembrane-spanning (S1-S6) segments. The S5 and S6 segments from each domain form the channel pore that is flanked by the four S1-S4 voltage-sensing domains (VSDs). The VSD provides the molecular basis for voltage sensing in voltage-dependent channels and enzymes [6] [7] [8] [9] . VSDs contain the gating charges 10 embodied in a set of highly conserved positively charged side chains occurring every three residues along the S4 segment. In voltage-gated potassium (K v ) channels, approximately 12 gating charges per channel are transferred across the membrane from the cytosolic side to the extracellular side 11, 12 . Although multiple models of voltage sensor activation have been proposed, it is generally accepted that the outward translation of S4 segments is coupled to pore opening by the interactions between the S4-S5 connecting helices and S6 segments 7, 8 . Less well understood than the voltage-gated channel activation mechanism is its intricate inactivation mechanism. Fast or N-type inactivation, taking place on a millisecond scale, is performed by a cytoplasmic moiety between repeats III and IV of Na v channels 13 , or by the amino terminus of the Shaker K 1 channel [14] [15] [16] , respectively. Also during prolonged depolarization, slow or 'C-type' inactivation 17 is thought to result from a conformational change of the selectivity filter 18, 19 .
The prokaryotic homologues of Na v channels are homo-tetramers of 6-TM subunits. Interestingly, the sequence of NaChBac is closer to that of Ca v channels 20 . Thus, structural determination of NaChBac homologues is expected to provide insights into both Na v and Ca v channels. To promote a deeper mechanistic understanding of Na v channels, we determined the crystal structure of a NaChBac homologue, Na v Rh (Supplementary Figs 1-5 and Supplementary Tables 1  and 2 ). During our structural refinement, the Na v Ab structure was published 4 . Compared with Na v Ab, Na v Rh reveals several distinct and mechanistically informative structural features.
As in all the known structures of voltage-gated channels, the VSD of one protomer attaches to the pore-forming unit of the adjacent protomer (Fig. 1a) . The activation gate formed by S6 of Na v Rh is closed, although Leu 219, the residue that occludes the gate, is one helical turn above the functionally equivalent Met 221 in Na v Ab (Fig. 1b) 
4
. Notably, the narrowest point along the pore is at Ser 181, which with Glu 183 encloses the entrance to the selectivity filter vestibule. Although the selectivity filter of Na v Ab is open and may allow the conductance of hydrated Na
1
, that of Na v Rh is closed (Fig. 1b, c) . The pore domain and the VSDs of Na v Rh exhibit structural variations among the four protomers, resulting in an asymmetric tetramer. The selectivity filter of Na v Rh (178-TLSSWE-183) connects P1 (corresponding to the P-helix in K 1 channel) and P2 helices ( Fig. 2 and Supplementary Fig. 6 ). The side groups of Ser 180, Ser 181 and Glu 183, as well as the carbonyl oxygen atoms (C5O) of Thr 178 and Leu 179, constitute the electronegative vestibule of the selectivity filter (Fig. 2a) . The entrance to the selectivity filter is negatively charged owing to Glu 183. The side groups of Ser 181 adopt distinctive conformations among the four protomers, leading to the observed asymmetry ( Supplementary Fig. 6 ).
Two residues in the selectivity filter of Na v Rh and Na v Ab (Na v RhSer 180/Glu 183 versus Glu 178/Ser 181 of Na v Ab) are swapped in the primary sequences. However, structural superimposition shows that the carboxylate groups of Na v Rh-Glu 183 are positioned similarly to those of Glu 178 in the adjacent protomer of Na v Ab despite their distinct backbone locations (Fig. 2b) . Therefore, Na v Rh-Glu 183 and Na v Ab-Glu 178 seem to be functional equivalents. This provides a basis to begin to understand the function of the negatively charged residues in the eukaryotic Na v channels that are located at different positions in the selectivity filter (Fig. 2b, left panel) .
Like many other bacterial channels, Na v Rh did not yield measurable ion currents when expressed in insect or mammalian cell lines or when expressed in Escherichia coli, purified, reconstituted into lipids and fused into bilayers with lipid composition of either POPE:POPG (3:1 mass ratio) or DPhPC. To test the selectivity of the Na v Rh channel, we generated a chimaera by replacing the selectivity filter of NaChBac with that of Na v Rh (Supplementary Fig. 7 ). The chimaeric channel was Na 1 -selective when expressed in HEK-293 cells and measured under voltage clamp (Fig. 2c) . Similar to observations with other NaChBac pore mutations 21, 22 , the voltage dependence of activation was shifted (149 mV; Fig. 2d ) with an altered rate of inactivation (1.63 increase; Fig. 2d ). Similar to NaChBac, the chimaera was blocked by the Na v channel antagonist lidocaine, and the Ca v antagonist nifedipine ( Supplementary Fig. 7d ), but was insensitive to tetrodotoxin.
During structure refinement, a spherical electron density was observed in the selectivity filter ( Supplementary Fig. 8a ). We believe this represents a calcium ion because obtaining well-diffracting crystals depended on the addition 100 mM CaCl 2 . Furthermore, crystals were obtained from proteins purified in solutions with RbCl instead of NaCl, and diffracted X-ray at the high remote wavelength for Rb
. After structural refinement no anomalous signal for Rb 1 was observed whereas the omit electron density persisted, suggesting that the electron density was from Ca 21 .
When Ca 21 was built into the 3.05 Å structure and further refined, the 2F o 2 F c electron density at 1.5s had an elongated tail on the side of the ion facing the central cavity ( Supplementary Fig. 8b ). A water molecule was then built into the appendage ,2.4 Å away from the ion, fulfilling the geometric restraint of the interaction between water and Ca 21 (Fig. 2e) . The Ca 21 ion is caged by the eight C5O groups from Thr 178 and Leu 179. The distances between Ca 21 and the C5O are in the range 3.5-4.6 Å (Fig. 2e) . For direct coordination of a Ca 21 by C5O, the distance is usually between 2.3 and 2.5 Å (ref. 23 ). The well-defined electron density suggests that the ion is stabilized in a fully or mostly hydrated state. However, there was no distinguishable electron density for the surrounding water molecules, perhaps because of the moderate resolution of the structure and/or the intrinsic motility of those water molecules. Ca 21 and Na 1 effective ionic radii are practically identical (1.00 Å compared with 1.02 Å ), but including the primary hydration shell the radii are 2. . Indeed, the Na 1 currents from NaChBac and the chimaera were substantially blocked by millimolar concentrations of Ca 21 and micromolar concentrations of Cd 21 ( Fig. 2f ). We speculate that divalent ions are able to enter the channel and occlude the pore at the Leu 179/Thr 178 site.
Compared with the subtle conformational variations of the filter residues among the four protomers, the divergences of VSDs are more prominent, particularly for S3-S4 linkers (Fig. 3a) . Unlike the VSDs of K v channels, in which the carboxy-terminal end of S3 and the N-terminal half of S4 form a paddle-like structure [6] [7] [8] , the C-terminal fragments of S3 in Na v Rh and Na v Ab are unwound. We name the four Na v Rh protomers Mol A to Mol D. S3-S4 linkers in Mol A and Mol C are not resolved, whereas those in Mol B and Mol D show distinct conformations, dissimilar to that of Na v Ab ( Supplementary Fig. 9 ). The flexibility of the S3-S4 linker may allow the movement of the S4 segment during voltage sensing.
Transmembrane segments S1-S4 of the four VSDs can be superimposed with root mean squared deviation (r.m.s.d.) values within 0.9 Å over 71-81 Ca atoms. Consistent with a 0 mV field during crystallization, all four conserved Arg residues on the S4 segment point extracellularly, representing a depolarized ('up') conformation (Fig. 3b) . The external negative clusters stabilize the gating charges through two invariant interactions: R4 interacts with Asp 48 on S2 and R3 is hydrogen-bonded to the C5O of Ile 90 on S3 (Fig. 3c) . In addition to these invariant interactions, there are additional stabilizing contacts specific to individual VSDs. In Mol A, an extra hydrogen bond is between R2 and the C5O of Asn 25 on S1. In Mol B, R3 binds to the anion position, An1. In Mol C, R3 is further hydrogen-bonded to the C5O of Ser 88.
The structure of Na v Rh has a closed inner gate and the VSDs are in a depolarized ('open') conformation. Similar features were described for Na v Ab, which was proposed to be in the 'pre-open' conformation 4 . Although the structure of Na v Rh may also represent a pre-open state, an alternative interpretation is that Na v Rh is in an inactivated state. The following lines of evidence support this speculation: NaChBac homologues and the NaChBac/Na v Rh-filter chimaera undergo inactivation on a millisecond to second timescale (Fig. 2d ) 17 , and because purification and crystallization of the proteins occurs over days at 0 mV, we assume this should favour complete inactivation of the channel. There is little interaction between S4-S5 connecting helices and S6 segments (Fig. 3a) , indicating a loss of coupling between the voltage sensor and the inner gate. Furthermore, the structure of Na v Rh is consistent with a possible form of inactivation discussed by Schmidt et al. to account for the gating properties of K v AP 27 ; when S4-S5 linkers release their constriction of the S6 helices, the inner gate may close even if the VSDs are crystallized as an asymmetric tetramer. The green sphere indicates the bound ion within the selectivity filter. Leu 219, which occludes the activation gate, is shown in light purple sticks in the cytoplasmic view. b, Na v Rh is closed at the activation gate and the entrance to the selectivity filter. The channel passage (left panel) is indicated by cyan dots. The pore radii (right panel) of Na v Rh (green) are compared with those of Na v Ab (grey). The residues that constitute the constriction sites, Ser 181 at the entrance to the selectivity filter and Leu 219 at the activation gate, are shown in sticks in periplasmic and cytoplasmic views, respectively. c, A semi-transparent surface illustration of the periplasmic entrance to the selectivity filter in Na v Rh and Na v Ab.
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still in the up conformation. In both Na v and Shaker K channels, mutagenesis analyses suggested that the selectivity filter residues are involved in C-type inactivation 17, 19 . In rat Na v 1.4, residues Glu 403, Glu 758, Asp1241 and Asp 1532, which correspond to Glu 183 in Na v Rh (Fig. 2b and Supplementary Fig. 1 ) are important for inactivation 28 . In our structure of Na v Rh, Glu 183 and Ser 181 collectively close the outer mouth to the selectivity filter (Fig. 1c) , supporting the reported functional significance of the outer negative charges in the inactivation process. We believe that the structure of Na v Rh shown here represents an inactivated conformation.
Superposition of the pore domains of Na v Rh and Na v Ab reveal prominent conformational changes of the VSDs. (Fig. 4a) . When the individual VSDs of Na v Rh and Na v Ab were compared by superimposing the S4-S5 linkers ( Supplementary Fig.  10a ), the VSDs diverge from each other, suggesting that the VSD and S4-S5 linker do not move as a single unit. Asp 48 (An1), Phe 55 and Glu 58 (An2) on the S2 segment constitute the charge transfer centre (CTC) 29 in Na v Rh. Superimposing the VSDs of Na v Rh and Na v Ab relative to the CTC, it is clear that the other transmembrane segments now are discordant, indicating a considerable intra-domain rearrangement within the VSD (Supplementary Fig. 10b ).
Gating charges are transferred in response to a change in transmembrane voltage. Superimposition of Na v Rh and Na v Ab VSDs relative to the CTC unambiguously shows that there is a one helical turn shift of Na v Rh-S4 towards the extracellular side (Fig. 4b) : for each Na v Rh VSD, one more charge is transferred than for each Na v Ab VSD. In Na v Ab, S4 exists as a 3 10 -helix from R1 to R4 (ref. 4) . In Na v Rh, however, whereas the segment from R3 to R4 forms a 3 10 -helix, the preceding segment is an a-helix (Fig. 4b) . We also compared the voltage sensors of Na v Rh with those of K v 1.2 and the paddle chimaera, in which only the C-terminal halves of S4 segments containing R3-R5 adopt a 3 10 -helix whereas the segments containing R0-R2 are relaxed into a-helices. However, when the CTCs are superimposed, the relative positions of the gating charges, exemplified by R4 of Na v Rh, are located between those of K v 1.2 and the paddle chimaera (Fig. 4c) .
The availability of voltage sensor structures with unique positions of the gating charges relative to the CTC provides evidence that supports our structure-based animation of gating charge transfer (Fig. 4d and Supplementary Movie 1), which illustrates how R3 and R4 are stabilized sequentially by An1 and An2 to lower the energy barrier during the transfer of R4 across the occluding Phe residue. It also shows the secondary structure transition between 3 10 -and a-helices concurrent with the translational motion of S4 segment relative to CTC, which exemplifies the 'concertina effect' discussed for K v channels 8 , and is consistent with the disulphide cross-linking experiments of NaChBac Figure 2 | A Ca 21 ion is bound in the asymmetric selectivity filter of Na v Rh. a, Side view of the selectivity filter of Na v Rh. b, The carboxylate groups of Na v Rh-E183 and Na v Ab-E178 are positioned similarly despite their distinct Ca locations within the selectivity filter. The residues that are important for slow inactivation of Na v 1.4 are coloured red in the sequence alignment. c, The Na v Rh selectivity filter is sodium selective. Error bars, s.e.m. d, Current-voltage relationships for NaChBac and the NaChBac/Na v Rh-filter chimaera, and rates of inactivation (t) of I Na . e, A Ca 21 ion is bound at an inner site within the selectivity filter. The distances between the ion and the surrounding groups are in Å . '(O)' is the carbonyl oxygen. f, Progressive reduction in I Na by the addition of Ca 21 or Cd 21 . I Na block potency is estimated in the right panel. 
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The flexibility of the S3-S4 linker may lower the energy barrier during the motion and the secondary structural transition of S4 segment (Fig. 3a) . The complementary studies of Na v Rh and Na v Ab thus provide an important framework for future functional and mechanistic investigations of voltage-gated ion channels.
METHODS SUMMARY
Details of the subcloning, purification, crystallization and structural determination of Na v Rh are described in Methods. In brief, full-length Na v Rh was overexpressed in E. coli BL21(DE3) and purified to homogeneity in the presence of 0.4% (w/v) n-nonyl-b-D-glucopyranoside and 0.1 mg ml 21 POPC:POPE:POPG at 3:1:1 mass ratios. The wild-type protein crystallized in two space groups: P4 1 2 1 2 and P4 2 , diffracting to ,4.5 and 3.7 Å , respectively. Introduction of a single-point mutation G208S or G208A and post-crystallization manipulation improved the resolution to beyond 3 Å . Addition of 100 mM CaCl 2 is a prerequisite for obtaining well-diffracting crystals. The initial phases were derived from mercury-based single-wavelength anomalous dispersion ( Supplementary Fig. 2 and Supplementary Table 1 ). The electron density was of excellent quality for the pore domain and reasonably good for VSDs (Supplementary Fig. 3) . The final atomic model was refined to 3.05 Å resolution (Supplementary Table 1 ). The structure of wild-type protein was refined to 3.7 Å (Supplementary Table 2 ). There were no detectible differences between the structures of wild-type and the G208S variant at the available resolutions ( Supplementary Fig. 4 ). For simplicity, we use the name Na v Rh to refer to the variant containing G208S for structural description. Structure of Na v Rh in the P4 2 space group allowed the structural determination of Na v Rh in the P4 1 2 1 2 space group to 4.4 Å (Supplementary Table 2 ). One Na v Rh tetramer is in each asymmetric unit in both crystal forms, and the protein exhibits a nearly identical conformation despite the distinct crystal lattice packing in the two space groups (Supplementary Fig. 5 ). Structural analysis is based on the 3.05 Å structure in the P4 2 space group. For electrophysiology, whole-cell voltage-clamp experiments were performed at 22 uC on transiently transfected HEK-293 cells.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
METHODS
Protein preparation. The complementary DNAs of NaChBac homologues, the sequences of which were codon optimized for E. coli expression, were cloned into bacteria expression vectors and the recombinant proteins were overexpressed in E. coli BL21(DE3). After screening several dozen homologues, only alphaproteobacterium HIMB114 (Rickettsiales sp. HIMB114; denoted Rh) yielded crystals. The proteins from all homologues were purified without protease inhibitors, which we surmise helps in the selection of the most compact and stable targets 31 . The full-length Na v Rh was cloned into the pET21b vector (Novagen). The Na v Rh mutants were generated using two-step PCR and were subcloned, overexpressed and purified in the same way as wild-type protein. Overexpression of Na v Rh was induced in E. coli BL21 (DE3) by 0.2 mM isopropyl-b-D-thiogalactoside when the cell density reached an attenuance, D 600 nm , of 1.5. After growth at 30 uC for 12 h, the cells were collected, re-suspended in a buffer containing 25 mM Tris-HCl, pH 8.0, and 150 mM NaCl, and disrupted by sonication. Cell debris was removed by centrifugation at 27,000g for 10 min. The supernatant containing the membrane was collected and applied to ultracentrifugation at 150,000g for 1 h. The membrane fraction was collected and incubated with 1.6% (w/v) n-dodecyl-b-D-maltopyranoside (Anatrace) for 2 h at 4 uC. After additional ultracentrifugation at 150,000g for 30 min, the supernatant was loaded onto a Ni 21 -nitrilotriacetate affinity resin (Qiagen). Subsequently, the resin was rinsed three times with 10 ml buffer containing 25 mM Tris-HCl, pH 8.0, 500 mM NaCl, 50 mM imidazoleHCl, pH 8.0, and 0.02% n-dodecyl-b-D-maltopyranoside. The protein was eluted from the affinity resin with wash buffer supplemented with 400 mM imidazoleHCl, pH 8.0. The proteins were concentrated to about 15 mg ml 21 before applying to gel-filtration chromatography (Superdex-200 10/30, GE Healthcare), which was equilibrated in the buffer containing 25 mM Tris-HCl, pH 8.0, 150 mM NaCl and 0.4% n-nonyl-b-D-glucopyranoside (Anatrace). The peak fractions of the protein (,8 mg ml
21
) were collected and incubated with 0.1 mg ml 21 lipids POPC:POPE:POPG (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine:1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine:1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-1-glycerol, Avanti) at mass ratio 3:1:1 for crystallization trials. Crystallization. Crystals were grown at 18 uC by the hanging-drop vapour diffusion method. To improve resolution, multiple steps of construct modification, crystal growth optimization and post-crystallization manipulation were explored. In the beginning, the C-terminal His 6 tagged, wild-type proteins yielded cubicshaped crystals in the buffer containing 0.7 M MgSO 4 , 0.1 M MES-NaOH, pH 6.0. The crystals diffracted to ,8 Å at BL41XU, SPring-8, Japan. Removal of His 6 -tag improved the crystal quality markedly. Crystals of the wild-type, non-tagged protein appeared overnight in the buffer containing 16% PEG 400 (v/v), 100 mM MES-NaOH, pH 6.5, 100 mM CaCl 2 , and diffracted to ,4.5 Å at the synchrotron radiation resource. However, it was difficult to scale the data sets to a specific space group. A single-point mutation G208S or G208A improved the data quality. The space group was ultimately assigned as P4 1 2 1 2 using the data sets obtained for Na v Rh-G208S. Further improvement was achieved with a new crystallization condition. Crystals appeared in the buffer containing 5% PEG 8,000 (w/ v), 100 mM HEPES-NaOH, pH 7.0, 100 mM CaCl 2 , 10% glycerol and 20% 1,4-butandiol in 2 days, and grew to 50 mm 3 50 mm 3 100 mm tetragonal rods in 5 days. The crystals, in the space group of P4 2 , were able to break the 4.0 Å diffraction limit but with poor reproducibility and a high mosaicity value (.5). Finally, the best crystals were obtained through dehydration manipulation by equilibrating the crystals at 4 uC with increasing precipitant concentrations in crystallization buffer to 15% PEG 400 and 20% PEG 8,000. The crystals were flash frozen in liquid nitrogen, and diffracted beyond 3.05 Å at Shanghai Synchrotron Radiation Facility beamline BL17U. Mercury derivatives were obtained by soaking the crystals for 3 h in the dehydration solution plus 10 mg ml 21 methylmercury chloride (CH 3 HgCl) as the final concentration. Data collection and processing. All data sets were collected at the Shanghai Synchrotron Radiation Facility beamline BL17U, except for the native data in the space group of P4 1 2 1 2, which were collected at the SPring-8 beamline BL41XU. All were integrated and scaled with HKL2000 (ref. 32). Further processing was performed using programs from the CCP4 suite 33 . Data collection statistics are summarized in Supplementary Table 1 . Experimental phasing and structure refinement. The mercury positions in the Hg-derived crystal of the P4 2 space group were determined using the program SHELXD 34 . The identified heavy-atom sites were refined and the initial phases were generated in the program PHASER 35 with the single-wavelength anomalous dispersion experimental phasing module. Cross-crystal averaging combined with solvent flattening, histogram matching and NCS averaging in DMMulti 36 gave rise to electron density maps of sufficient quality for model building, using the data sets in Supplementary Table 1. An initial model was built into the high-resolution P4 2 native data using COOT 37 . The structure was refined with PHENIX 38 . All structure figures in the manuscript were prepared with PyMol Fig. 2d , current-voltage relationships were fitted to (V 2 V rev )/ {1 1 exp[(V 2 V 1/2 )/k]}, in which V rev is the extrapolated reversal potential, V 1/2 is the half-activation voltage and k is a slope factor equal to RT/zF (z is the apparent gating charge, R the ideal gas constant and F is Faraday's constant). Half-inactivation voltages were derived from fits to 1/{11exp(V 2 V 1/2 )/k} to derive steady-state inactivation curves. Inactivating currents during 500 ms pulses were fitted to C 1 A(e 2t/t ), in which t is the time constant, A the amplitude and C the baseline. Decay in response to a 500 ms pulse to the indicated potentials was fitted to a single exponential. For experiments shown in Fig. 2f , the half maximal inhibitory concentration (IC 50 ) was estimated by fitting the average percentage of inward I Na block at each divalent concentration, where the current amplitude 5 1/{([D]/IC 50 ) n 1 1}, in which n is the Hill coefficient and [D] is the respective drug or divalent ion concentration. Animation. To generate the morph to visualize the conformational change of the S4 segments between Na v Rh and Na v Ab, the homology-based model of Na v Rh was generated using the online SWISS-MODEL workspace [41] [42] [43] with the structure of Na v Ab (PDB accession number 3RVY, chain A) as the model. The resulting structure was then superimposed on that of Na v Rh relative to CTC. The shifted coordinates of the modelled structure and the original coordinates of Na v Rh were used as the initial and end states, respectively, for morph generation. The intermediate morphs were obtained with the multiple-chain morphing script 44, 45 for Crystallography and NMR System 46, 47 . The animations were finally produced using PyMol.
